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clease treatment, ammonium-sulphate fractionation (Lancefield and Perlmann, 1952) , and chromatography on carboxymethyl cellulose (Fox and Wittner, 1965) . All fractions were monitored for protein content and titre of type-specific M antigen by methods already described (Widdowson et al., 1971~) .
Complement-fixation tests for MAP Method 1. A macro-complement-fixation test (Widdowson et al., 1 9 7 1~ )~ based on the method of Bradstreet and Taylor (1962) , was used in the earlier part of the work to detect MAP antigens in extracts of streptococci of various serotypes, with the sera of various human donors as the source of antibody to MAP.
Method 2. This test, which was used later in more quantitative experiments, was based on the method of Levine (1967) . Diluted antiserum (0.5 ml) was mixed with 1.5 ml of complement-fixation-test (CFT) diluent (Oxoid Ltd, London) and 0.5 ml of guinea-pig complement (Burroughs Wellcome and Co., Beckenham), diluted to give 90 % haemolysis, as determined by previous titration. A series of two-fold dilutions of the antigen under test was prepared, and 0 5 ml of each dilution added to the reaction mixtures in spectrophotometer tubes. When the optimum dilution of anti-MAP serum was unknown, two-fold dilutions of serum were made and a checkerboard titration was performed with two-fold serial dilutions of antigen. Control tubes of antigen dilution + complement, antiserum dilution + complement, and complement alone in a total volume of 3 ml were included in each test. After incubation at 2 4°C for 18 h 0.5 ml of a suspension of sensitised sheep RBC (see Levine, 1964 ) was added to each tube and the tubes were incubated at 37°C for 60 min. with occasional shaking. The tubes were cooled rapidly to 4°C and centrifuged at l OOOg for 5 min. to sediment unlysed RBC. The optical density of the supernate was read at 413 nm on a Unicam SP600 spectrophotometer. The percentage of complement fixed in each reaction mixture was calculated from : ReactionAE413/Control E413 x 100 where reaction AE.413 = the difference in E413 between the test and the mean reading of the control tubes containing complement + antigen alone and complement +antiserum alone.
The antigen and antibody controls did not give evidence of any independent pro-or anticomplementary activity, The results were plotted graphically as percentage fixation vs antigen concentration, expressed as pg of protein per reaction mixture. Inhibition of complement fixation. The fixation of complement in a previously characterised immune system (antiserumfantigen A) may be inhibited by the addition of a hapten or closely related antigen (B), although antigen B is itself incapable of fixing complement with the antiserum under test (Wasserman and Levine, 1961) . Dilutions of antiserum (in 0.5-ml volumes) were mixed with 0.5 ml of serial dilutions of antigen B f l -0 ml of buffer and incubated at 60 min. at 37°C; 0.5 ml of diluted complement was then added and O.5ml of serial dilutions of antigen A, and the tubes incubated at 2 4°C for 18 h. Sensitised sheep RBC (0.5 ml) were added to each tube, and the tubes were incubated and read as described above (method 2). Tubes containing dilutions of antigen A, but no B, were included to obtain a reference curve of percentage fixation vs concentration of antigen A in the absence of blocking antigen. Control tubes of antigen (A and B separate1y)fcomplement (no antiserum) and antiserum+complement (no antigen) were included to check that there was no anti-complementary or pro-complementary activity. Control tubes containing dilutions of antigen Bfantiserum, but no antigen A, were included to check that B alone did not fix complement with the test serum.
Absorption of sera by streptococci. Streptococci were grown overnight at 37°C and the cells washed three times in saline (NaCl 0.85% w/v). The deposit from 250 ml of culture was used to absorb 5 ml of a 1 in 10 dilution of antiserum. Complement (0.5 ml of undiluted guinea-pig serum) was added to all absorption mixtures to reduce anti-complementary activity. The mixtures were incubated at 37°C for 1 h and then centrifuged to remove streptococci. The supernate was heated at 56°C for 30 min. to destroy complement. Serial dilutions of absorbed antiserum for complement-fixation tests were made from these initial 1 in 10 dilutions.
Antistreptolysin-0 and antideoxyribonuclease-B titres were determined by methods already described (Widdowson et al., 1974b) ; 50 % values for the antibody titres of various groups of sera (= titre exceeded by 50% of the sera in the group) were calculated from cumulative-percentage curves. Bactericidal tests for type-specific antibody were performed as described by Maxted, Widdowson and Fraser (1 9736).
Tests for other streptococcal antibodies in human sera.
RESULTS

Fixation of complement by MAP antigens from various serotypes
and the sera of two donors In our previous studies of the detection and purification of trypsin-sensitive MAP antigens from various group-A serotypes, the MAP content of test preparations was measured in the macro-complement-fixation test (method l), with the sera of two laboratory workers (AP and DG) as the source of antibody to MAP. Complement was fixed by these sera to an approximately equal degree in the presence of optimum dilutions of acid extracts-or of partially purified M proteins-of streptococci of all M types tested, but showed no fixation in the presence of extracts of the corresponding M-negative variants when these were available (Widdowson et al., 1971a) .
To find another laboratory worker with a useful serum titre of anti-MAP, we screened the sera of 10 persons, who did not give a history of recent streptococcal infection, in complement-fixation tests with a purified M protein from a type-30 strain. This serotype is extremely rare and was used to rule out the possibility of fixation due to reaction between M protein and type-specific antibody. Nine of these sera gave a negative result at a dilution of 1 in 10 and one (CN) had a titre of 80-160; but when this serum was tested with extracts of streptococci of certain other serotypes fixation did not occur.
Checkerboard titrations of sera AP and CN were then made against serial dilutions of acid extracts of a representative of each of the 39 M types listed in table I. Serum AP at a dilution of 1 in 20 fixed complement with every extract at dilutions ranging from 1 in 80 to 1 in 640 depending on the extract. Serum CN at a dilution of 1 in 40 gave clearly positive results with extracts of 14 types (nos. 1,3,5,6,12,14,15,17,19,24,26,30,33, and 54) at dilutions corresponding to those reacting with serum AP; at optimum dilutions of all these extracts serum CN had a titre of 80 and serum AP a titre of 40. All the extracts that gave such reactions with serum CN were of serotypes in which the OF reaction is negative (Maxted et al., 1973a) and only three of these have been reported to be associated with skin sepsis (see Wannamaker, 1970 table I ). We therefore re-examined, with extracts from other serotypes, sera from laboratory workers that we had previously found to fix complement with the optimum dilution of type-30 M protein. Extracts of M-negative variants of streptococci of types 2, 6, 12, and 22 were used as negative controls. None of the sera fixed complement with these M-negative extracts, and we concluded that they were devoid of antibodies that fixed complement with group-carbohydrate antigen and other impurities in the crude acid extracts. The optimum dilutions of all antigen preparations from M-positive strains had been determined in checkerboard titrations against serum AP. Serial dilutions of the test sera were then titrated against the optimum dilution of each extract. The different " spectra " of fixation of these 10 sera with the selected extracts are shown in table 11. Sera no. 1 (serum AP in table 1) and no. 2 fixed complement to maximum titre with the extracts from all the M-positive strains tested. Sera nos. 3 and 4 were similar, but usually fixed complement poorly with extracts of the OF-positive serotypes. Sera nos. 6, 7, and 8, like serum CN (serum no. 5 in table 11) failed to fix complement with extracts from OF-positive serotypes, gave variable results with extracts from OF-negative " skin " strains, but fixed well with the extracts of OF-negative '' throat " serotypes. On the other hand, the results with serum no. 10 and to some extent serum no. 9 were the reverse of those obtained with sera nos. 1 to 8, except that variation again occurred within the OF-negative " skin " serotype category. Fixation of complement with antigens from two diflerent serotypes and sera fram patients suflering from recent streptococcal infection The complement-fixation titres of sera from groups of patients suffering from acute rheumatic fever, acute glomerulonephritis, or uncomplicated streptococcal sore throat, and sera from normal persons, were measured by method 1 with predetermined optimum dilutions of a purified M protein from an M-type30 strain (OF negative) and an acid extract of an M-positive, OFpositive type-22 strain. An acid extract of an M-negative variant of the type-22 strain was used as a negative control. None of the sera tested fixed complement with this M-negative extract. In some tests, antigens from other OF-positive serotypes were also used to confirm the results obtained with type-22 antigen. The possibility of fixation due to type-22 type-specific antibody could not be overlooked because M22 is not an uncommon type (Parker, 1967; Kohler, 1974) . However, a group of 10 persons who had evidence of type-specific antibody to type 22 by the indirect bactericidal test (Maxted and Valkenburg, 1969) and the anti-OF test (Maxted, Widdowson and Fraser, 1973b ) all had titres of (10 in anti-MAP tests, and showed no complement fixation with the dilution of type-22 antigen used, suggesting that the test was too insensitive to detect low levels of type-specific antibody in human sera. Table I11 shows the results of the anti-MAP titres expressed as 50% values (see Methods) for the various groups of sera. Among patients for whom the infecting serotype was known, a comparison of the CFT titres obtained with test antigens from an OF-positive and an OF-negative M type revealed striking 3 Sera in this group were selected because they had anti-MAP titres of >80 in our initial screening test with an OF-negative test antigen, hence the artificially high 50Yb value of 250.
differences, which seemed to depend on whether the infecting serotype was OF positive or OF negative. In infections caused by OF-positive serotypes, complement-fixation titres were generally low and very similar, irrespective of the antigen used in the test; and ratios of 50% values of fixation titres with OFnegative / OF-positive test antigens were approximately equal to 1. However, sera from patients with infection known to be caused by OF-negative serotypes, or sera from patients suffering from rheumatic fever showed large differences in their CFT titres with different antigens. Titres were always much higher with the type-30 (OF-negative) test antigen than with the antigen from the OF-positive serotype. This difference was greatest in a collection of sera from patients with throat infection caused by an M-type-5 strain, where the 50% value of the CFT titres was eight times greater with the type-30 than with the type-22 test antigen. Normal adults had generally low CFT titres (50% value = 8) when tested with type-30 antigen, and even lower titres (507; value = 3) when tested with an antigen from an OF-positive serotype.
Anti-MAP titres in paired sera from patients suflering from uncomplicated throat infection with an OF-negative serotype Paired sera, the first taken at the onset of symptoms and the second 4 weeks later, were obtained from 15 patients with M-type-5 throat infections, and tested in a complement-fixation test against optimum dilutions of type-30 M protein (OF negative) and acid extracts of M-positive and M-negative variants of a type-22 strain (OF positive). None of the sera fixed complement with the M-negative extract. The sera taken at the onset of sore throat had similar titres with the antigens from both the M-positive strains. The 50% value with the type-30 antigen was 35, compared with 25 for the antigen from the type-22 f = 4-fold reduction of titre; -= no fixation = complete absorption.
-f OF reaction: + = opacity-factor-positive serotype; -= opacity-factor-negative serotype ;
(+) = M-negative variant of an OF-positive serotype: supernate OF negative but cells retaining the opacity factor. $ In parenthesis: maximum titre of serum before absorption. No fixation occurred with the unabsorbed serum no 5 and extracts of OF-positive strains. Fixation was poor with extracts of OFnegative skin strains. 0 For details of strains see Table 11. strain. However, the sera taken 4 weeks after infection with the OF-negative serotype, type 5, showed a rise in titre to a 50% value of 150 against the OFnegative test antigen, compared with only 37 for the antigen from the OFpositive strain.
Absorption studies
We selected sera from two laboratory workers (nos. 2 and 5; see table 11) for study of the removal of anti-MAP antibody by absorption with washed cells of streptococci of various serotypes.
Serum from donor no. 2 fixed complement to a titre of 160 with all the MAP-antigen preparations tested, but serum from donor no. 5 showed no fixation with acid extracts, or partially purified M proteins, of OF-positive serotypes, and variable weak fixation with extracts of strains of types 41, 49, 52, 55, 57, and 59. Serum from these two donors was absorbed, as described in Methods, with various washed suspensions of streptococci of different M types and then diluted. Dilutions of serum no. 2 were tested against a battery of acid extracts of strains of OF-positive and OF-negative serotypes. Dilutions of serum no. 5 were tested against extracts of the OF-negative throat serotypes only (see table IV ). The optimum dilutions of the test antigens were predetermined in a checkerboard titration with an unabsorbed serum from donor no. 2. The results (table IV) show clearly that suspensions of OF-positive, M-positive streptococci are capable of absorbing all anti-MAP antibody from serum no. 5, in spite of the inability of extracts of OF-positive streptococci to fix complement with this serum (see table 11 ). Thus after absorption with M-positive strains of M-types 2, 4, and 22, neither serum no. 2 nor no. 5 would fix complement with any of the antigens tested, and a type-49 strain removed all anti-MAP antibody from serum no. 2 and considerably reduced the titre of serum no. 5. Absorption with cells of M-type 12 (OF negative) also reduced the anti-MAP titre of both sera with all the test antigens to < 10. Absorption with streptococci of types 6, 55, or 30 gave less clear-cut results, because there was a tendency for these types to make the absorbed sera anti-complementary, but in general titres with all of the test antigens were at least halved.
Absorption with M-negative variants gave different results according to the serotype of the absorbing strain. Absorption with M-negative variants of types 2, 12, and 22 had no effect on the titre of the test sera against any of the test antigens, and an M-negative variant of a type-4 strain produced only slight reduction in titre. However, absorption with M-negative variants of type 6 and 49 reduced the CFT titres of both sera, with most of the test antigens, at least two-fold.
Quantitative studies of the inhibition of complement jkation A preliminary experiment with dilutions of serum from donor CN (1 in 25-1 in 200) and a type-30 purified M-protein preparation, showed that a complete fixation curve could be obtained by complement-fixation method 2 with a serum dilution of 1 in 50, and with dilutions of antigen in the range 1 in 250 to 1 in 8000 (0.15 p g 4 -5 pg of protein per reaction mixture) with maximum (about 90%) fixation at about 1 in lo00 (approximately 1 pg of protein per reaction mixture) (see fig. I ). Purified M proteins from other OFnegative serotypes e.g., types 5 and 6, gave similar curves with the serum of donor CN, which was devoid of type-specific antibody to any of these serotypes in the direct or indirect bactericidal test, indicating that the fixation was due to a common non-specific antigen. The serum of donor CN did not fix complement with acid extracts of OF-positive serotypes and some OF-negative skin strains by method 1 (see table 11), and this lack of fixation was confirmed by method 2. However, absorption studies indicated that cell suspensions of OF-positive serotypes completely absorbed anti-MAP from the serum, indicating either that the antigen was destroyed or changed during extraction of OFpositive cells, or that, although antigen and antibody were able to combine, complement was not fixed. Extraction of streptococci of OF-positive serotypes with weaker acid (0.067~) or at a lower temperature (60°C) also produced extracts that fixed complement with serum from donor AP but not from donor CN. However, fixation with a 1 in 50 dilution of serum CN and type-30 M protein could be eliminated or considerably reduced by previous incubation of the serum dilution with suitable dilutions of O-~M-HCI extract from OFpositive serotypes 2 and 22 or from OF-negative skin-type 55 (see fig. 2 ). Incubation of this serum with O*2~-acid extracts of M-negative variants of types 2 and 22 (which do not contain MAP antigen) had no effect on the fixation curve of serum CN with type-30 antigen. Fig. 2 shows the result of a typical blocking experiment, which suggests that although complement was not fixed with the serum of donor CN and antigens from OF-positive serotypes or some OF-negative skin strains, these antigens are able to combine with MAP antibody and prevent its reaction with other M antigens that contain MAP.
DISCUSSION
The results of the experiments reported here confirm our observations (Widdowson et al., 1971a) and those of others (Vosti et al., 1971 ; Beachey and Stollerman, 1973 ) that the acid extracts of M-positive group-A streptococci contain cross-reactive antigenic material that is closely associated with the typespecific determinant of M protein. The exact nature of the material has not been established (see but there is evidence that it is predominantly protein in nature (Vosti et al., 1971; Widdowson et al., 1971a; Cunningham and Beachey, 1974) . Other investigators (Pachman and Fox, 1970) have suggested that the teichoic acid component present in purified M proteins may contribute to the cross reactivity between M proteins of different serotypes. However, antibody to teichoic acid, which is detectable in fresh human serum by a passive haemagglutination technique, is destroyed by heating at 58°C or storage at -20°C (Ne'eman and Ginsburg, 1972) and probably contributes little to the complement-fixation titres observed in tests with stored human sera and partially purified M proteins (see .
Our studies of the complement-fixation reaction between selected human sera and streptococcal extracts or partially purified M proteins suggest that although the M-associated antigens of certain serotypes are indistinguishable, there are differences between others that appear to divide the serotypes into three categories. Most of the OF-negative serotypes tested fall into one category, and have a common M-associated antigen or antigens, to which high titres of antibody are found in the sera of rheumatic-fever patients and patients recovering from uncomplicated respiratory-tract infections with certain OFnegative serotypes (see Widdowson et al., 1974~) . Most of the OF-positive serotypes, including many that cause skin sepsis, appear to share another Massociated antigen, which is closely related but not identical with the antigen found in OF-negative serotypes. A third, less definite, category comprises M types, e.g., nos. 41, 52, and 55, which are OF negative, and types 49 and 59 which are OF positive, all of which have been associated with skin sepsis, M proteins of these serotypes gave variable results, and it is difficult to assign them to either of the first two categories.
The M-associated antigens of the different categories can be distinguished on the basis of the inability of the M antigens from all OF-positive and certain OF-negative strains associated with skin infection to fix complement with the antibody of certain donors whose sera have high titres of anti-MAP against the M proteins of OF-negative " throat " serotypes. Conversely, certain other human sera contain antibody that will fix complement with the M antigens of OF-positive, but not OF-negative serotypes. However, such sera are relatively rare and seldom have high antibody titres. Unlike many of the sera from patients recovering from infection with OF-negative serotypes, in which anti-MAP titres often exceed 80 when measured with an OF-negative test antigen, the sera of patients recovering from infection with OF-positive serotypes generally have low titres of anti-MAP, irrespective of the category of MAP used in the complement-fixation test. This is in agreement with our previous finding that the M protein and the MAP of these serotypes are poorly antigenic (Widdowson et al., 1974a) .
Despite this divergence of complement-fixing ability, the antibody to the M-associated antigens of OF-negative serotypes can be absorbed by cell suspensions of OF-positive serotypes. Moreover, acid extracts from OFpositive serotypes, and from some OF-negative skin strains, will block complement fixation by MAP antigens from OF-negative serotypes. This suggests that the antigens are very closely related and that antibody to one antigen has a demonstrable a f i i t y for the other. However, this affinity seems insufficient for the formation of an antigen-antibody complex able to fix complement. The phenomenon of loose aggregate formation and poor complement fixation by low-affinity antibody has been demonstrated in other systems (Hill and Osler, 1955; Fauci, Frank and Johnson, 1970) .
Whether stimulation by one category of M-associated antigen will give rise to antibody capable of fixing complement with another is difficult to determine from the study of natural infections in man. Paired sera from patients with M-type-5 infections showed a sharp rise in complement-fixation titre when tested with an extract of an OF-negative streptococcus. The average rise in titre in test with an extract of an OF-positive streptococcus was smaller, but 5 of 15 patients in the group showed a two-fold or greater increase in titre between the first and second sera. Assuming that the patients had not had an infection with an OF-positive strain in the intervening 4 weeks, it seems possible that infection with M-type 5 had led to this increased ability to fix complement with an extract of an OF-positive serotype. Experiments now in progress show that guinea-pigs immunised with whole-cell vaccines of QFnegative serotypes first form antibody that fixes complement only with extracts of OF-negative serotypes ; similarly, animals given vaccines of OF-positive serotypes first form antibody that reacts only with extracts of OF-positive serotypes. Several weeks later, however, sera from both groups of animals reacted with MAP antigens from a wider range of OF-negative and OF-positive serotypes.
The results of quantitative complement-fixation tests done by method 2 with purified M antigens and a human serum ( fig. 1 ) are in agreement with the observations of Beachey et al. (1974) , and suggest that complement-fixation tests for the measurement of type-specific antibody to M protein in human sera (Wittner and Fox, 1971 ) may be difficult to interpret unless carefully controlled. The human serum used in our experiments contained no type-specific antibody, detectable by the bactericidal test, against any of test serotypes, yet it fixed complement with the M proteins of three different M types that had been purified by methods similar to those used by Wittner and Fox (1971) (1974) showed that the optimum concentration of type-30 M protein for the measurement of antibody to M-associated antigen was high (100 pg per ml) in comparison with an optimum concentration of 5 pg per ml for the measurement of type-specific antibody by their method. Basing our method on that of Wittner and Fox (1971), we found that as little as 1 pg of the M protein of types 5, 6, or 30 per 3.5 ml of reaction mixture was optimum for complement fixation with anti-MAP sera devoid of type-specific antobody (see fig. 1 ). This antigen concentration is of the same order as that used by Wittner and Fox (1971) to measure type-specific antibody. The optimum concentration of our antigens required for measurement of type-specific antibody in rabbit sera was between four and eight times less for type-30 purified M protein, but for the M proteins of types 5 and 6, the maximum in the complementfixation curves for the measurement of either anti-MAP or anti-M occurred at approximately the same protein concentration of 1 pg per 3.5 ml of reaction mixture (Widdowson, unpublished) . Beachey and Stollerman (1973) suggested that the non-specific parts of M protein were masked in the intact cells of virulent M-positive streptococci by the type-specific moiety, but were exposed on the cell walls of M-negative variants. On the whole, our absorption studies do not confirm this (see table  IV) ; M-positive variants of most of the serotypes that we tested absorbed anti-MAP more effectively than did their M-negative counterparts, and this was especially true of OF-positive serotypes. The paired M-positive and M-negative variants of our type-6 strain were the main exception to this rule, and in this respect behaved similarly to the virulent and avirulent strains described by Beachey and Stollerman (1973) . SUMMARY Different serotypes of group-A streptococci share common antigens that are closely associated with the type-specific determinant of M protein. By the use of selected human sera containing antibody to these M-associated antigens, we have shown that group-A streptococci can be divided into three categories.
The majority of the opacity-factor-negative respiratory serotypes possess a shared M-associated antigen or antigens, to which high titres of antibody are common in patients with rheumatic fever, or patients recovering from upper respiratory infections with certain opacity-factor-negative serotypes. The antibody in these sera has a demonstrable but limited affinity for the M-associated antigens of strains belonging to a second category of M types, the majority of which are opacity-factor-positive serotypes of " throat " or " skin " origin. A third group, consisting mainly of opacity-factor-negative pyoderma serotypes, gave variable results and seemed to be intermediate between the other two categories. Complement-fixation-inhibition tests and absorption studies showed a marked degree of cross-reactivity between the M-associated antigens of the three categories.
